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This article, written for Scolarpedia [l], provides a brief introduction into the subject of cosmic 
strings, together with a review of their main properties, cosmological evolution and observational 
signatures. 
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I. INTRODUCTION 

“Strings” are solutions of certain field theories, whose energy is concentrated along an infinite line. Strings exist in 
many field theories motivated by particle physics, and this suggests that they may exist in the universe — hence the 
name “cosmic strings”. String solutions are also present in condensed matter systems where they are called “vortices”. 
In cosmological applications, strings are generally curved, dynamical, and may form closed loops. The energy of a 
string remains concentrated along a time-dependent curve for a duration that is very long compared to the dynamical 
time of the string. 


II. ROLE OF TOPOLOGY 

The topological properties of a field theory may be used to motivate the existence of string solutions. If a field 
theory has certain symmetries and symmetry breaking patterns, the vacuum state (the state of lowest energy) may 
not be unique. The collection of possible vacua form a manifold, M, which may have “holes” i.e. there may be closed 
paths on M that cannot be continuously shrunk to a point. In this case, the field theory has topology that is suitable 
for the existence of string solutions. In mathematical terms, the topology relevant for strings is described by the first 
homotopy group of the vacuum manifold, 7ri(M). The relevance of topology is best understood with an example. 

Consider a complex scalar field, $, in three spatial dimensions, with potential energy function, 

The minimum energy configuration has |d>| = rjy but the phase of d> is undetermined and labels the points on the 
vacuum manifold which is a circle. A closed path that wraps around the circle cannot be continuously contracted to 
a point and hence there can be strings in this field theory. If, as one goes around a closed path in physical space, 
one also wraps around around the circle on the vacuum manifold n = ±1, ±2 ,... times, then there will be possibly n 
strings going through the closed path in physical space. (See Fig. [^) Notice that at the center of the string |<i)| = 0 
and hence the energy density is non-zero at the string core. 



FIG. 1: String formation in the ”Mexican-hat” potential U(|<E>|). The potential is shown on the left-hand-side, with its circular 
manifold (red) on which 3 points (blue) have been chosen at random. The right-hand-side shows (in red) a closed path in 
’’physical space”, along which Id*! = the blue points in physical space are the points that map on to the blue points shown 
on the vacuum manifold. On going around the path in physical space, the field wraps once around the vacuum manifold . By 
continuity of the field, $ must vanish somewhere within the circle in physical space. This is the center of the string drawn in 
green. Fig. from [2]. 

Caution: Non-trivial topology of a field configuration does not necessarily imply the existence of a static solution. 
For example, if two n = I strings repel at all separations, then an n = 2 configuration will split into two n = 1 strings 
that move apart. In this case, there is non-trivial topology since n = 2, but no static solution exists. 
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III. SOLUTION AND PROPERTIES 
A. Straight global string 

For a straight, static string, it is sufficient to look for a solution of the equations of motion in two spatial dimensions, 
and then use translation invariance to extend the solution to three dimensions. For example, if the solution in two 
dimensions is <l>o(a:)2/)) then the solution in three dimensions is ^{x,y,z) = $o(a^,y). 

The simplest theory which gives rise to string solutions is described by the Lagrangian 

where A is a dimensionless coupling constant, r] is the vacuum expectation value of the field $, and the metric has 
signature We will also use natural units throughout so that h = c = 1. This Lagrangian is invariant 

under a global 17(1) symmetry, $ —>■ (for any constant A), and the corresponding equations of motion are 

= _ A (|$|2 


The static string solution in this model is 

<^{x,y) = r]f{mp)e"’^^ 

where {p,0) are polar coordinates on the cry-plane, = Xrf', and n is the (integer) winding number of the string. 
On substituting into the equations of motion, the function f{p), p = mp^ has the features 

/(p) = /opl"l(l + 0(p3)), p«l 

/(p) = l-o(^), p»l. 

The energy density £ = |V$p -I- U(<i>) is peaked within p ^ m, and falls off as 1/p^ at large distances. The total 
energy per unit length of the string diverges weakly (logarithmically). In a physical setting when there are lots of 
strings or in a condensed matter sample of finite volume, the divergence gets cut off. This string solution is known as 
a “global” string because there are no gauge fields in the model. 


B. The Nielsen-Olesen string 

The model can be extended to include gauge fields 

where 7?^ = d^ — ieA^ is the gauge covariant derivative, and F^i, = d^Ay — dyA^. This “Abelian Higgs model” was 
considered by Nielsen and Olesen in their discovery paper on string solutions in relativistic field theories j^. The 
Lagrangian is now invariant under a local 17(1) symmetry in which d) —)■ and A^ —>■ d^K/e. In the static string 

configuration, the asymptotic properties of the scalar field differs from the global case. In particular as p —> oo, the 
scalar and gauge fields both contribute to the energy density and make it fall off exponentially fast, and the energy 
per unit length p, of the string is finite. 

The string also contains a flux of magnetic field that is quantized as can be seen by noting that 7?^$ —>■ 0 outside 
the string. 

Magnetic flux = 


/ dx^^Ay = — 




1. Type I and Type II strings 

The properties of strings in the local 7/(1) model depend on the ratio of coupling constants /3 = A/2e^. In the 
limit /3 = 1 the equations of motion simplify and an important method to find string solutions, also often used in 
supersymmetric field theories, was developed by Bogomol’nyi [1]. Here the energy per unit length /i„ of a string with 
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winding number n is exactly equal to that of n strings each with winding number 1. In this case /ii = TTrf^ and 

Mn = n^JLi. 

In the limit A < 1, often called the type I regime in analogy with superconductors, p,„ < n/ii. In particular, two 
n = I strings can merge to form an n = 2 string [^, see Fig. 



FIG. 2: Snapshots (from left to right and top to bottom) showing constant energy density isosurfaces in a simulation of two 
strings with n = 1 in the type I regime (/3 = 0.125) colliding to form an n = 2 string . From [6]. 

In the type II regime, A > 1 and only the winding 1 strings are stable. Usually when discussing the cosmological 
properties of cosmic strings, the strings being considered are those of the local U{1) model in the type II regime. 
These are referred to as “gauge strings” or “local strings”. When two type II strings collide, for essentially all angles 
and collision velocities, they “intercommute”: that is, they exchange partners (Fig. [^. Thus gauge strings have an 
intercommutation probability P = 1 [71 [5], except at very high incoming velocities [9]7 


C. Other types of strings 

If there are fermions in the model that couple to the scalar field that winds around the string, “fermion zero modes” 
may exist m- These are solutions of the Dirac equation that are localized on the string and have zero energy. If 
the fermions also carry electromagnetic charge, the cosmic strings can carry electric currents, leading to interesting 
astrophysical signatures in the cosmological context. In some models, charged scalar fields can also be localized on 
the string. Current-carrying strings are also known as “superconducting strings” [In- 

Many other types of strings (e.g. semi-local strings, Alice strings etc) can form depending on the topology and 
coupling to other fields (see [I2HI6] ). 

In summary, the basic structure of a string is a scalar field that winds around the location of the string, where 
there is a concentration of energy density. Gauge fields that interact with the scalar field provide the string with a 
quantized magnetic flux. Fermion zero modes can be localized on the string and be responsible for currents that run 
along the string. 


IV. BULK PROPERTIES 

If the mass of the scalar field that winds around the string is m and all dimensionless coupling constants are 
0(1), the width of a local string is « m~^. In most cosmological applications, the width of the string is very small 
compared to the other length scales in the problem, and the thin string limit is commonly adopted. Then the string 
is simply modeled as a line with mass per unit length /i « w?. If the string is not superconducting, its tension T, 
i.e. the longitudinal component of the string energy-momentum tensor, is also /i. In the zero-width approximation. 
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FIG. 3: Snapshots (from left to right and top to bottom) showing constant energy density isosurfaces in a simulation of two 
strings with n = 1 in the type II regime (/? = 32) colliding and intercommuting with the formation of kinks (as indicated by 
arrows). From [^. 


the strings are referred to as “Nambu-Goto” strings as their dynamics is obtained by solving the Nambu-Goto action 
which minimises the area swept out by the worldsheet of the string. Numerically, ^ ~ 10^^ gms/cm and G/r « 10“® 
when m « 10^® GeV. 

An important feature of Nambu-Goto strings is that they contain “kinks” and “cusps”. A kink is a point at which 
the tangent vector of the string changes discontinuously, and kinks are formed when strings intercommute (Fig. 3). 
Kinks travel along the string at the speed of light. At a cusp, the string instantaneously travels at the speed of light. 
Kinks and cusps give rise to important observational signatures of strings (see below). 

Superconducting strings can carry an electric current j which can be timelike, spacelike or lightlike, and leads 
to an equation of state of the string T = T(^). In general, the maximum current allowed on the string is O(m^) 
though, depending on the detailed particle interactions, it can be substantially weaker HZlllH]. The effective action 
for superconducting strings is no longer the Nambu-Goto action. 

The metric around a static infinitely straight Nambu-Goto string lying along the z-axis can be obtained by solving 
the Einstein equations. It is ’’conical” on the plane transverse to the string, and the line element is [19] 

ds^ = dt^ — dz^ — dp^ — p'^dO^ , 0 < 0 < 27r(l — 4G^) 

where G is Newton’s gravitational constant. As is apparent, the metric is locally flat and the only non-trivial feature 
is that the angular coordinate 9 lies in an interval that is less than 27r. This particular form of the metric is central 
to many of the observational signatures of cosmic strings described below. 

In physical applications, a whole network of strings is formed when the symmetry is broken, and individual strings 
can be infinitely long or in the shape of closed loops, and the network evolves in time. A curved string is a dissipative 
solution of the equations of motion. Loops will eventually decay into various forms of radiation including the scalar 
and gauge fields of which the string is formed, and gravitational waves through the coupling of the string to gravity; 
infinite curved strings will tend to straighten out. The dissipation time-scale is generally very long compared to the 
dynamical time of loops for long loops, so the string picture is useful. For example, a loop will oscillate ~ (I00G/x)“^ 
times, (that is ^ 10® times for the string tension of G/i ^ 10“^), before losing an 0(1) fraction of its energy to 
gravitational waves. 

In certain field theories, strings networks can also have junctions — namely points at which three strings meet. 
In particular this occurs in the Abelian-Higgs model when /3 < 1 as is shown in Fig. Junctions also occur 
in more complicated models in which non-abelian symmetries are broken. Cosmic superstring networks, predicted 
in fundamental superstring theories, also have junctions. There they are located at the meeting point between 
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fundamental F-strings, Dirichlet D-strings and a bound states of these two. Cosmic superstrings are known as {p, q)- 
strings, an abbreviation for p F-strings and q D-strings [20l[2T]. The effective action for strings with junctions is 
a set of three coupled Nambu-Goto actions [52], but it should be noted that the intercommutation probability of 
superstrings P < 1. 

Cosmic strings also interact with the ambient cosmological medium. Particles scatter off the string with differential 
cross-section per unit length [23] 

d(T TT 

d9 ^ 2fc(log(M))2 ’ 

where k is the momentum of the particle transverse to the string and 6 is the string width. The cross-section is larger 
if there are particles that scatter by the “Aharonov-Bohm” interaction [24ll26j . 

da sin^(7rz/) 

dO 27rfcsin^(0/2) 

where 2Triy is the Aharonov-Bohm phase. Note that the scattering cross-sections only depend on the momentum of the 
incoming particle, and are insensitive to the mass scale of the string. The interaction of strings with ambient particles 
plays an important role in the early stages after a string network forms as it over-damps the string dynamics. However, 
as the universe expands, the density of ambient matter falls and particle interactions cease to be an important factor. 


V. COSMOLOGY 
A. Formation 

Based on our current understanding of particle physics, the vacuum structure may have topology that is suitable 
for the existence of string solutions. The mathematical existence of string solutions in a field theory, however, does 
not imply that they will be realized in a physical setting and additional arguments are needed to make the case that 
strings can be present in the universe m- Essentially, during spontaneous symmetry breaking, different vacua are 
chosen in different spatial domains, and the non-trivial topology of the vacuum manifold then inevitably implies the 
presence of strings in cosmology. At formation, a large fraction of the string network (roughly 80% in the simplest 
formation models) is in infinite strings and the rest is in loops with a scale-invariant distribution |28j . 

Subsequently, the network relaxes under several forces that include the string tension, frictional forces due to 
ambient matter, cosmic expansion, and the process of intercommuting. In particular when a loop or an infinite string 
intercommutes with itself, it chops off a loop. This means that at any given time the network will contain many loops: 
those formed at time t as well as at all previous times. In addition, a Nambu-Goto loop evolves periodically in time 
and hence loses energy to gravitational and other forms of radiation. As a result a loop of initial length £q formed at 
time to has a length £(t) at time t given by 

£{t) = £o- TGp.{t - to) 

where F is a constant which, in the case of gravitational radiation, is of order 100 [55] (the precise value depends on 
the shape of the loop). A typical loop will have a number of kinks and cusps, and the spectrum of high-frequency 
gravitational radiation emitted from a string depends on these features. 


B. Evolution 

The evolution of the network from its formation until today is an extremely complex problem involving very 
disparate length scales. Several groups have tackled this problem by using numerical simulations of Nambu-Goto 
(zero thickness limit) strings, starting with the pioneering work in [3(1I132j . Other groups have performed field theory 
simulations in which the strings have structure. And yet others have built analytical models to describe the evolution 
of the network. These analyses show that the network reaches a self-similar attractor solution on large scales in which 
all the properties and length scales describing the network scale with time. In this ’scaling solution’, the physical 
number density of loops n{£,t)d£ with length between £ and £ + d£ ad cosmic time t is characterized by different 
power-law behaviors. For example, recent simulations by |33] . give 

0-18 

~ t3/2(£ + rG/rt)5/2’ 


£< 0.It (radiation era) 
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FIG. 4: Nambu-Goto strings in the matter era. Infinite strings (defined as having a size bigger than the conformal horizon, 
which is the box size in this figure) are colored in white. The red loops are those whose average density has reached scaling. 
The remaining loops are not (yet) in scaling, and they are color-coded according to their age: freshly formed loops are yellow 
and older loops are bluer. The bluest ones are therefore those coming from the initial conditions and the greenish ones have 
been formed in between. Figure given with kind permission by Ghristophe Ringeval. 


, 0.27- 0.45(^/<)°'3i , , 

n{i,t) = ——’ ■^<0-18^ (matter era). 

Nambu-Goto simulations by other groups (see for instance |34j ) find similar loop distributions though there is dis¬ 
agreement about very small loops that, however, carry only a very small fraction of the total energy in the network. 
In Abelian-Higgs simulations, many fewer loops are seen and the string network energy is mostly dissipated directly 
into particle radiation [35]. 

Notice that the above are the pure scaling distributions, meaning that the dimensionless number density of loops 
t) only depends on the dimensionless ratio ijt for all times. At formation though, the loops are not in the scaling 
distribution: they relax towards scaling after a time which can be estimated. Numerical simulations, however, observe 
a population of non-scaling loops. Some of these are a remnant of the initial loop distribution formed at the phase 
transition, and others are small loops freshly formed from small scale structure on long strings (see Fig. 4). Similarly, 
on entering the matter era, the radiation era scaling distribution relaxes to the matter era scaling distribution. The 
timescale for this process depends on the length of the loop, and is longer for shorter loops. 

In addition to loops the network contains many infinite strings with typical separation ^ 0.15dh where dh is the 
horizon distance [36] . This corresponds to ^ 40 infinite strings in any horizon volume. A typical distribution of strings 
is show in Fig. 


VI. HOW WE CAN LOOK FOR THEM 

The presence of strings in the universe can be deduced from their gravitational effects and other non-gravitational 
signatures if they happen to couple to other forces. For example, cusps on cosmic string loops emit bursts of gravita¬ 
tional waves m- Moving strings produce wakes in matter and line discontinuities in the cosmic microwave background 
(CMB). They also induce characteristic patterns of lensed images of background light sources. Superconducting 
strings, in addition to the above effects, emit electromagnetic radiation that can potentially be detected as radio 





bursts. At present, the strongest bounds on the string tension come from constraints on the stochastic gravitational 
wave background from pulsar timing measurements and the LIGO interferometer. However, these bounds are sensi¬ 
tive to the details of the string network evolution. On the other hand, bounds from CMB are weaker but also less 
model-dependent. Different types of cosmic string signatures and their current status are reviewed below. 


A. Gravitational signatures 

1. Cosmic Microwave Background 



FIG. 5: CMB anisotropy sourced by strings: a) a line-discontinuity in CMB temperature caused by a single string on a uniform 
background (image provided by Proty Wu and Paul Shellard, (J.H.P.Wu PhD thesis, U. of Cambridge, 2000)); b) anisotropy 
caused by a network of strings via the Kaiser-Stebbins-Gott effect alone (image from [38]); c) anisotropy caused by a network 
of strings with full recombination physics taken into account. (Image from [39].) 

Cosmic string networks persist throughout the history of the universe and actively source metric perturbations at all 
times. Prior to cosmic recombination, density and velocity perturbations of baryon-photon fluid are produced in the 
wakes of moving cosmic strings, which then remain imprinted on the surface of last scattering. After recombination, 
strings crossing our line of sight generate line-like discontinuities in the CMB temperature, which is the so-called 
Kaiser-Stebbins-Gott (KSG) effect [4(1142] . Both, wakes and the KSG effect, are induced by the deficit angle in 
the metric around a string. In addition, matter particles experience gravitational attraction to the string if it is not 
perfectly straight. The search for cosmic string signatures in the CMB can be broadly divided into attempts to directly 
detect line discontinuities in the temperature or polarization patterns, and statistical methods based on calculations 
of various correlation functions. 

Direct Searches. The spacetime around a straight cosmic string is locally flat, but globally conical, with a deficit 
angle determined by the string tension. Thus, a string passing across our line of sight would produce a discrete step 
in the CMB temperature proportional to G/r IzT x n|, where v is the velocity of the string and h is the direction of 
the line of sight (see Fig. 5). Several groups have tried searching for such line-like features in the existing CMB 
maps and to forecast the prospects for future observations. The tightest existing bound on the string tension based 
on direct signatures is G/i < 3.7 x 10“® at the 95% confidence level [IS] and is based on the assumption that the 
number density of strings is approximately known. The most optimistic forecast, based on Canny algorithm, claims 
that direct searches with future CMB experiments can achieve bounds of G/r < 3 x 10“® [H]. Detectable sharp 
edges can be present not only in CMB temperature maps, but also in polarization maps. The primary limitation in 
these types of studies comes not so much from the instrumental noise and angular resolution of the experiment, but 
from the fact that CMB is dominated by the Gaussian fluctuations on scales comparable to the size of the horizon 
at decoupling. Also, the above mentioned forecasts assume idealized line discontinuities produced by straight string 
segments. Actual strings are not straight, and contain both infinite strings and string loops. It remains to be seen 
how well these methods perform under more realistic assumptions. 

Statistical Methods. The most reliable bounds on cosmic strings are derived from the angular power spectrum of 
CMB temperature anisotropies measured by the WMAP and Planck satellites. Calculating the spectrum of CMB 
anisotropies sourced by strings requires tracking their evolution from just before recombination until today over a 
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FIG. 6: The CMB temperature (top) and B-mode polarization (bottom) spectra sourced by strings. Contributions from scalar 
(black dash-dot), vector (red dash) and tensor modes (blue dot) and their sum (solid black) are shown separately. 


large range of scales. Because obtaining an exact solution is quite challenging numerically, several approximate and 
semi-analytical methods have been used to evaluate the string CMB spectra. There is broad agreement between results 
from different approaches on the general shape of CMB spectra sourced by “local” cosmic strings, with the allowed 
fraction of the string contribution to the total CMB temperature anisotropy currently limited to under 3% [IS]. For 
“conventional” strings, i.e. those with order unity inter-commutation probability, this implies G/i ^ few x 10“^. 

While most approaches adopt the Nambu-Goto approximation, [46], evolved the cosmic string field configurations 
in the Abelian-Higgs model. To make the calculation of CMB spectra numerically feasible, the fields were separately 
evolved over limited time ranges in the radiation and matter eras, and an interpolation scheme was used to connect 
the two scaling regimes. Perfect scaling was then assumed to extend their range to later times. To circumvent the 
problem of resolving the fixed width core of strings in an expanding background, the core size was allowed to grow 
with the expansion in a prescribed fashion. This approach is designed to directly calculate the spectra and cannot 
predict CMB maps. 

Another method predicting the spectra but not the map, is the so-called Unconnected Segment Model implemented 
in the publicly available code CMB ACT H?] US] . In the unconnected segment model, the string network is represented 
as a collection of uncorrelated straight string segments. 
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FIG. 7: B-mode spectra from cosmic strings (black dot), weak leasing (blue long dash), inflationary gravity waves with r=0.15 
(red dash) and their sum (black solid) along with the BICEP2 [3^ and POLARBEAR data points. The faint solid line is 
the BICEP2 best fit model with r=0.2. 


Although strings cannot be the main source of the CMB temperature anisotropy, they can generate observable B- 
mode polarization. The B-mode from strings is primarily generated by vector modes, with a spectrum that is different 
from the one generically produced from tensor modes arising in inflationary scenarios. Future CMB polarization 
experiments should be able to reveal the presence of cosmic strings through their B-mode signature even if strings 
contribute as little as 0.1% to the CMB temperature anisotropy. Constraints comparable to those previously obtained 
from CMB temperature spectra were obtained with the POLARBEAR [SD] and BICEP2 [35] B-mode spectra in 
|S3]. Given the uncertainty regarding the potentially significant unresolved foreground contributions to the BICEP2 
signal, some of these results and conclusions may have to be revisited in the future. 

Typical CMB temperature and polarization spectra sourced by local cosmic strings are shown in Fig. s[^an d0 The 
temperature spectrum features a broad peak at multipole moment L ^ 300 — 500 and no acoustic peaks. The B-mode 
spectrum has a peak at L ^ 600 and lower peak at L ~ 10 due to polarization generated at the epoch of reionization. 
The position of the main peak is determined by the most dominant Fourier mode stimulated at last scattering. It 
primarily depends on the string correlation length and the average string velocity at last scattering. Measuring the 
location of the main peak would provide valuable insights into fundamental physics. For example, in the case of 
cosmic superstrings the position of the peak of the B-mode spectrum constrains the value of the fundamental string 
coupling gs in string theory [55] . 

Fluctuations sourced by strings are intrinsically non-Gaussian and hence their statistical signatures are not limited 
to power spectra. Several groups have made predictions for various non-Gaussian estimators that could be sensitive 
to cosmic strings. So far, the resulting bounds on strings are not competitive with those derived from power spectra. 

The CMB bispectrum and trispectrum induced by strings on small angular scales is generally suppressed by sym¬ 
metry considerations, but the trispectrum can be large |56H58j . The trispectrum parameter can be as large as 104 
for strings, hence one can anticipate strong constraints on cosmic strings as observational estimates of the trispectrum 
improve. 


2. 21-cm 

The prospects of future observations of the 21 cm cosmological background motivated investigations of their ability to 
constrain cosmic strings. Neutral hydrogen absorbs or emits 21 cm radiation at all times after recombination. Cosmic 
strings would stir the hydrogen as they move around and create wakes, leading to 21 cm brightness fluctuations. 
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Under certain optimistic assumptions, future experiments with a collecting area of 10^ — 10® km^, can in principle 
constrain G/r in the 10“^® — 10“^^ range [59]. The same strings that create wakes would also perturb the CMB via 
the KSG effect, leading to potentially observable spatial correlations between the 21 cm and CMB anisotropies m- 
Also, the ionization fraction in the cosmic string wake is enhanced, leading to an excess 21 cm radiation confined to 
a wedge-shaped region m- It remains to be seen if terrestrial and galactic foregrounds (which become very bright 
at low frequencies) can be overcome to use 21 cm for mapping the high redshift distribution of matter. 


3. Gravitational waves 

Oscillating loops of cosmic strings generate a stochastic gravitational wave background that is strongly non- 
Gaussian, and includes occasional sharp bursts due to cusps and kinks m- In the case when loops are large at 
formation, which is the case favored by latest simulations, pulsars currently provide the tightest bounds of G/i < 10“® 
for “conventional” strings, i.e. those with order unity intercommutation probability |33| [62]. (Notice that these 
bounds do not apply to global strings as they decay primarily through Goldstone boson radiation.) 

In the case of cosmic superstrings, the probability of cusp formation is expected to be reduced due to the extra 
spatial dimensions, and there is some smoothing of the cusps. This can significantly damp the gravity waves emitted 
by cusps, and to a lesser extent by kinks, and relax pulsar timing bounds on cosmic superstrings. On the other 
hand, junctions on superstring loops give rise to a proliferation of sharp kinks that can amplify the gravitational wave 
footprint of cosmic superstrings [55] . 


4- Lensing 

The peculiar form of the metric around a cosmic strings can result in characteristic lensing patterns of distant 
light sources. For instance, a straight long string passing across our line of sight to a distant galaxy can produce 
two identical images of the same galaxy [64j . In the more general case of loops and non-straight strings, the image 
patterns will be more complicated, but still have a characteristic stringy signature. 

When strings bind and create junctions, as in the case of F-D superstring networks, the resulting configurations 
can lead to novel gravitational lensing patterns, like tripling of images when lensed by a Y-junction [65l [66] . 

The existence of cosmic strings can be strongly constrained by the next generation of gravitational lensing surveys 
at radio frequencies. LOFAR and SKA can give an upper bound of Gp < 10’ -9 m- Microlensing surveys are less 
constraining |68j . Effects of loop clustering on microlensing |69j . gravitational lensing due to a moving string string 
on pulsar timing, and quasar variability [70] have also been considered with an aim to derive constraints. Gosmic 
string loops within the Milky Way can micro-lens background point sources and this offers a potentially powerful 
methodology for searching for cosmic strings m- 

Vector perturbations sourced by strings or other topological defects can generate a curl-like (or B-mode) component 
in the weak lensing signal which is not produced by standard density perturbations at linear order [72] . Future large 
scale weak lensing surveys should be able to detect this signal even for string tensions an order of magnitude lower 
than current GMB constraints. 


B. Non-gravitational signatures 

In the simplest cases, such as the Abelian Higgs model, the sole impact of cosmic strings on their surroundings is 
through their gravity. In extended models, in which cosmic string solutions occur within a more complete particle 
theory, it is quite common for strings to interact via forces present in the Standard Model. However, since the precise 
nature of the coupling is unknown, the non-gravitational signatures of strings are more model-dependent than those 
discussed in earlier sections. 


1. Cosmic rays 

If strings couple to other forces, cusps and kinks can emit beams of a variety of forms of radiation which can poten¬ 
tially be detected on Earth as cosmic rays. For example, high energy gamma rays can be emitted from superconducting 
strings [75j . 

Several authors have calculated the emission of particles from strings and the possibility of detecting them as cosmic 
rays (for a review see |74j . An important feature for certain particle-string interactions is that the flux of particles 
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on Earth is ’’inversely” related to the string tension, at least for strings that are not too light. Thus lighter strings 
produce larger cosmic ray fluxes. The reason is simply that the density of string loops is greater if the strings are 
lighter, and the larger number of strings give a larger cosmic ray flux. Hence, if there are cosmic strings that emit 
cosmic rays, the constraints imply a ’’lower” bound on the string tension. Although, at very low tension, the constraint 
again gets weaker because then the fractional energy loss in particles is very large and this reduces the loop number 
density [751126]. Superconducting strings can also emit high energy cosmic rays with different dependencies on the 
string parameters [77]. 

Another important constraint on the cosmic string scenario arises because the particles emitted by strings generally 
include protons and also very high energy 10^° eV) photons [75]. Even though the nature of the ultra-high energy 
cosmic rays is not clear at present - they could be protons or heavy nuclei or an admixture - it is certain that they do 
not include a significant photon component. With particular interactions strings may be able to source the ultra-high 
energy cosmic rays without conflicting with the photon bounds m- 

In the case of cosmic superstrings, radiation may include dilaton and other moduli. The case when the dilaton has 
gravitational-strength coupling to matter has been discussed in [80] , with constraints arising from a number of different 
experiments and observations. In the case of large volume and warped Type-IIB compactifications, the coupling of 
the moduli is stronger than gravitational-strength, and the resulting constraints in the three dimensional parameter 
space - cosmic string tension, moduli mass, coupling strength - have been analyzed in |8I| . Cosmic superstrings can 
also be expected to provide distinctive cosmic ray signatures via the moduli emitted from cusps. 


2. Radio bursts 

The gravitational coupling between photons and cosmic strings leads to the emission of light from strings [55115^ . 
This particular emission is generic to cosmic strings but it is suppressed by two powers of the gravitational coupling 
and it is unclear if it can lead to an observable signature. 

Superconducting cosmic strings — strings that carry electric currents — can give transient electromagnetic signa¬ 
tures (’’radio bursts”) that are most evident at radio frequencies [5S]. The event rate is dominated by kink bursts 
in a range of parameters that are of observational interest, and can be quite high (several a day at 1 Jy flux) for a 
canonical set of parameters [55]. In the absence of events, the search for radio transients can place stringent con¬ 
straints on superconducting cosmic strings, though additional recently discovered cosmological radio burst candidates 
are compatible with the superconducting string model [57] . 


3. CMB spectral distortions 

If the strings are superconducting, they emit electromagnetic radiation that produces pL- and y-distortions of the 
black body spectrum of the CMB. This will allow future CMB experiments, such as PIXIE [55], to place tight 
constraints on Gpi and the electric current on the string [59] . 
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